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Abstract

Background: Pedicle screw placement in patients with osteoporosis is a serious clinical challenge. The bone mineral
density (BMD) of the screw trajectory has been positively correlated with the screw pull-out force, while the com-
puter tomography (CT) value has been linearly correlated with the BMD. The purpose of this study was to establish an
in vitro osteoporosis model and verify the accuracy and effectiveness of automated pedicle screw planning software
based on CT values in this model.

Methods: Ten vertebrae (L1-L5) of normal adult pigs were randomly divided into decalcification and control groups.
In the decalcification group, the vertebral bodies were decalcified with Ethylenediaminetetraacetic acid (EDTA) to
construct an in vitro osteoporosis model. In the decalcification group, automatic planning (AP) and conventional
manual planning (MP) were used to plan the pedicle screw trajectory on the left and right sides of the pedicle, respec-
tively, and MP was used on both sides of the control group. CT values of trajectories obtained by the two methods
were measured and compared. Then, 3D-printed guide plates were designed to assist pedicle screw placement.
Finally, the pull-out force of the trajectory obtained by the two methods was measured.

Results: After decalcification, the BMD of the vertebra decreased from —0.03 4+ 1.03 to —3.03£0.29 (P <0.05).

In the decalcification group, the MP trajectory CT value was 2167.28 +65.62 Hu, the AP trajectory CT value was
272396+ 165.83 Hu, and the MP trajectory CT value in the control group was 2242.94 4+ 25.80 Hu (P <0.05). In the
decalcified vertebrae, the screw pull-out force of the MP group was 48.6% lower than that of the control group

(P <0.05). The pull-out force of the AP trajectory was 44.7% higher than that of the MP trajectory (P <0.05) and
reached 97.4% of the MP trajectory in the control group (P >0.05).

Conclusion: Automatic planning of the pedicle screw trajectory based on the CT value can obtain a higher screw
pull-out force, which is a valuable new method of pedicle screw placement in osteoporotic vertebre.

Keywords: Osteoporosis, Pedicle screw placement, Software automatic planning, Biomechanical research, In vitro
model test

Background
Osteoporosis is a metabolic bone disease character-
ized by low bone mass. It is a common disease in elderly

*Correspondence: tmmuzc@163.com; happyzhou@vip.163.com

Department of Orthopaedics, Xingiao Hospital, Amy Medical University people, especially in postmenopausal women, and can
(Third Military Medical University), Chongqing 400037, People’s Republic cause Changes in the biomechanical properties of the
of China

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-022-05101-6&domain=pdf

Liu et al. BMC Musculoskeletal Disorders (2022) 23:165

vertebrae [1, 2]. In conditions requiring pedicle screw
placement, the intensity of pedicle screw fixation may
be reduced, loosened, and pulled out, which eventually
leads to failure of the operation [3, 4]. Many studies have
been conducted to increase the local tissue density of the
vertebrae by increasing the screw length, diameter, and
thread structure or by injecting bone cement to increase
the pull-out force of screws [5, 6]. However, these meth-
ods all have shortcomings. Cement-augmented screws
carry the risk of cement leakage which the most serious
complications are spinal cord compression and pulmo-
nary embolism [7]. The increase in screw diameter may
be accompanied by the occurrence of pedicle microfrac-
tures, leading to a decrease in the screw pull-out force [8,
9].

The placement position of the pedicle screw is a cru-
cial factor affecting the pull-out force of the screw, and
its accuracy is related not only to malposition but also
to the biomechanical function of the pedicle screw [10].
Previous studies have demonstrated a linear relation-
ship between the CT value and BMD and an exponential
relationship between BMD and Young’s modulus of bone
tissue [11-15]. Therefore, placing the pedicle screw in a
position where the CT value of the screw trajectory is as
large as possible may be another method of pedicle screw
placement for osteoporosis.

The application of navigation-guidance technology
based on CT images can provide a holistic anatomi-
cal image of the surgical area through a single scan. It
could prevent repeated fluoroscopy during the opera-
tion, and locate and track the relative position of surgi-
cal instruments and anatomical structures in real-time,
thus avoiding pedicle perforation and effectively reduc-
ing the occurrence of nerve and vascular complications
caused by pedicles [16]. However, these assistive tech-
niques require preoperative or intraoperative analysis
of the patient’s CT images and manual planning of the
entry point and trajectory of pedicle screws by the sur-
geon, which is a complicated and time-consuming pro-
cess. Moreover, CT images alone are not enough for
the surgeon to consider whether the bone mass at the
screw trajectory provides adequate fixation of the pedi-
cle screw, especially in patients with osteoporosis. With
the development of computer technology, more powerful
computers and better algorithms have been developed.
These developments allowed automated planning soft-
ware could find a trajectory that meets the highest CT
value and does not violate the placement standard. Sev-
eral auto planning methods have been designed [17-20],
but the studies were not planned in a way that specifically
targeted osteoporosis patients, and most studies have not
conducted in vitro experiments to verify their accuracy
and screw pull-out force.
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To address these problems, this study used an auto-
matic planning software to analyze CT data on an oste-
oporosis vertebra model to search trajectories of the
highest CT wvalue. Trajectories with non-perforating
pedicles and non-piercing vertebrae were found to obtain
a better effect of screw fixation. The in vitro osteoporo-
sis model was used to verify its accuracy and effective-
ness. Surgeons who find pedicle screw placement difficult
in patients with osteoporosis may be interested in this
research, which may provide them with a potentially
effective solution to avoid more implants.

Methods

Establishment of osteoporosis model in vitro

Ten lumbar vertebrae were taken from mature pigs (L1-
L5, weighing 120-130kg). All pigs were healthy, and
none had been exposed to any factors that might affect
BMD. All vertebrae were stripped of surrounding muscle
tissue, ligaments, and periosteum. Parts of the spinous
and transverse processes were excised and embalmed
with 10% paraformaldehyde for 48h. Micro-CT (uCT)
was used for detection. Five of the 10 vertebrae were used
as a decalcification group, and the other 5 were used as
a control group. Five vertebrae were randomly selected
from all specimens using Ethylenediaminetetraacetic
acid (EDTA) decalcified fluid for decalcification. A 3 mm
*10 mm hole was drilled in the upper and lower endplates
of the vertebral body. During the decalcification process,
a stepper motor was connected to these holes through a
silicone tube, and EDTA was pumped at a rate of 1 ml/
min. This procedure allowed the cancellous bone and
cortical bone of the vertebrae to be decalcified simultane-
ously. Decalcification was performed for 2—3 weeks. The
EDTA solution was replaced weekly, and the vertebrae
were scanned weekly with pCT until the osteoporosis
criteria were met.

The BMD level was expressed by T value, T
value= (measured value - average normal BMD)/
standard deviation of normal BMD. Due to the linear
relationship between the CT value and BMD, the CT
value of normal vertebrae could be used as a substitute
value for normal BMD. The formula was rewritten as T’
value = (measured CT value — average value of normal
vertebral CT value)/standard deviation of normal ver-
tebral CT value. Osteoporosis was defined when the T’
value < —2.5.

Trajectory planning of pedicle screw placement

Software automatic planning and manual planning were
used for pedicle screw trajectory planning, respectively.
Software automatic planning was used for the left pedi-
cle, and manual planning was used for the right pedicle.
All trajectories were required not to pierce the pedicle
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and anterior vertebral margin. To ensure the uniformity
of biomechanical testing, the specifications of all planned
trajectories were unified as 6 mm * 30 mm.

Automatic planning

Finav (Version 1.0, Chongqing Bosscom Technology Co.,
Ltd., Chongqing, China) was used for automatic plan-
ning based on CT values. The surgeon only needs to
manually adjust the area of interest to mark the target
vertebral body and the narrowest part of the pedicle and
specify the screw diameter and length according to the
recommended screw diameter and length calculated by
the software. Then, the software can automatically cal-
culate and plan the screw trajectory with the largest CT
value [21]. The software used an optimization algorithm
to address the optimization problem of maximizing the
mean CT value of the pedicle screw trajectory under a
set of relevant constraints. The software was in the devel-
oping and testing stage, and this study was designed to
study its accuracy and effectiveness. After its function
was verified, the software will be added as a functional
module in the optical and magnetic integrated surgical
navigation system of Chonggqing Bosscom Technology
Co., Ltd.

Conventional manual planning

The artificially planned trajectory passed through the
midpoint of the minimum section of the pedicle. The
direction was parallel to the endplate on the vertebral
body with an angle position the screw on the central axis
of the pedicle. The same senior spine surgeon manually
planned all trajectories.
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Measurement of position and CT values of different planned
trajectories

The position of the screw trajectory was measured on
axial and sagittal CT views [22]. Draw guides (green)
along the midline of the axial view (bisect the vertebral
body, spinal canal, and spinous process) and the lower
endplate of the sagittal view is shown, where d represents
the distance from the insertion point to the sagittal mid-
line of the vertebral body and 0 represents the angle of
the screw in the axial position. D’ represents the sagittal
distance from the entry point to the lower endplate, and
0’ represents the sagittal angle of the screw. (90°-0) is the
abduction Angle of the screw. (8 *-90°) is the craniocaudal
inclination of the screw, with a positive value represent-
ing caudal inclination and a negative value representing
cephalic inclination (Fig. 1).

Mimics software (Version 21, Materialise, Belgium)
was used to analyze the pCT data of the osteoporo-
sis model, the trajectory of the automatic planning and
manual planning were analyzed, and the CT values of the
trajectory obtained by different planning methods were
measured.

Placement of pedicle screws

Design and manufacture of 3D printed guide plate

In this study, 3D printed guide plates were used to realize
planned trajectories. Mimics and 3-Matic (Version 13,
Materialise, Belgium) software were used to import CT
data, and 3D image reconstruction was conducted. The
3D printing guide plates were designed according to the
screw entry points and stop point coordinates obtained
by automatic and manual planning. The automatic

Fig. 1 Measurement of pedicle screw planning trajectory. A Axial view of the vertebra. Draw a guideline (green straight line) through the midline
of the vertebra. Measure the vertical distance d from the entry point to the midline and the angle © between the long axis of the screw and d. B
Sagittal view of the vertebra. Draw a guideline (green straight line) along the lower endplate of the vertebral body. Measure the vertical distance d’
between the entry point of the screw and the guideline and the angle 8’ between the long axis of the screw and d’
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planning trajectories were on the left side, and manual
planning trajectories were on the right side. The designed
3D printing guide plates were imported into the 3D
printer software, the printing parameters were adjusted,
and the plates were printed.

Pedicle screw insertion

Pedicle screw placement was assisted by 3D-printed
guide plates. A 2.5mm Kirschner wire was used to turn
the hole through the guide head of the 3D-printed guide
plate to obtain the screw trajectory, and a pedicle screw
was inserted along the trajectory (6 mm*30 mm, Sanyou,
Shanghai, China). The same screw specifications were
used to obtain comparable results in subsequent pull-out
tests.

Measurement of pedicle screw placement error

After placement, X-rays, and CT were used to verify the
position of the pedicle screw to ensure that the pedicle
screw was completely located in the pedicle without pen-
etrating the pedicle and the vertebral cortex. The screw
placement error was measured by preoperative and post-
operative CT images. Similar to 2.3, d1 and 01 represent
the actual screw position as measured by postoperative
CT. The displacement error is (d1-d); the angle error is
(61-0).

Screw pull-out test

Each vertebra was fixed so that the long axis of the pedi-
cle screw was coaxial with the direction of tension (Elec-
troPuls E10000 All-Electric Dynamic Test Instrument,
Instron Industrial Products, Grove City, USA). The axial
pull-out test was performed at a speed of 5mm/min, and
the force applied to the screw was recorded in displace-
ment increments of 0.05mm until the screw was com-
pletely removed. The maximum load encountered during
the test was defined as the peak load (pull-out force) at
the time of failure. The test sequence of the left and right
pedicles was alternated with each specimen to eliminate
the effect of the test sequence.

Statistical analysis

SPSS (version 23.0, SPSS Inc., Chicago, IL, USA) was
used for statistical analysis, and the data were expressed
as the mean=standard deviation. The normality of the
two sets of continuous variables was assessed by the
Shapiro-Wilk test (W test), and the F-test was used to
determine whether the overall variance of the two sets of
continuous variables was homogeneous. If the data were
normally distributed and the variance was homogeneous,
A paired sample T-test was used for pairwise compari-
sons of decalcification group data, and an independent
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sample T-test was used for intergroup comparisons.
P <0.05 indicated a significant difference.

Results

Results for the establishment of the osteoporosis model
The CT values of all vertebral bodies were 2767.87 +-26.15
Hu. After 2weeks of EDTA decalcification, the CT
value of the decalcification group decreased from
2767.154+27.08 Hu to 2688.8+7.67 Hu (P <0.05), and
the T’ value decreased from —0.03 +1.03 to —3.03 +0.29
(P <0.05). All the vertebral bodies in the decalcifica-
tion group met the standard of osteoporosis (T’ <-2.5)
(Table 1). See Supplementary Table 1, Additional file 1
for detailed data.

Measurements of the position and CT value of the pedicle
screw planning trajectory

The automatically planned screw trajectory was imported
into the reconstructed CT image, and whether the screw
perforated the lateral wall of the pedicle and the anterior
edge of the vertebral body was evaluated from the axial
view. None of the screws, whether automatic planning or
manual planning, resulted in pedicle perforation or ver-
tebral anterior edge perforation. The axial angle, coronal
distance, and coronal angle of the screw entry point in
automatic planning were more significant than those in
manual planning (p <0.05), while the axial distance was
less than that in manual planning (p <0.05) (Table 2).
The automatic planned screw entry point is inward and
upward, and the trajectory has a larger tail inclination

Table 1 Measurement of mean CT value of vertebrae

CT value (Hu) T'value
Decalcification group (n =5)
Before decalcification @ 2767.15 £ 27.08° —0.03 +1.03°
After decalcification ° 2688.80 =+ 7.67°< —3.03£029%
Control group (n =5)° 276859 4 28.35° 0.03 £ 1.08°
All samples (n = 10)¢ 2767.87 + 26.15° 0.00 % 1.00°

2 represents the P <0.05 compared with the decalcification group before
decalcification, Prepresents the P <0.05 compared with the decalcification group
after decalcification, “represents the P <0.05 compared with the control group,
and Yrepresents the P <0.05 compared with all samples without decalcification

Table 2 Position measurement of planned trajectories

Automatic Manual planning P-Value
planning
Axial distance (mm) 1947 & 1.95 2070 £ 221 0.000
Axis Angle (°) 6043 £4.32 55.78 £ 4.66 0.000
Sagittal distance 22824339 21.05+3.06 0.000
(mm)
Sagittal Angle (°) 109.19 £ 1.87 9323 £ 1.64 0.000
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and a smaller abduction angle. See Supplementary
Table 2, Additional file 1 for detailed data.

In the decalcification group, the manually planned
trajectory CT value was 2167.28+65.62 Hu, and
the automatically planned trajectory CT value was
2723.96+165.83 Hu, showing a significant difference

Table 3 CT value and screw pull-out force measurements of
planned trajectories

CT value (Hu) Pull-out force (N)

Decalcification group (n =10)

Automatic planning (0 =5)? 272396 + 165.83%  1212.00 + 143.42°

Manual planning (n = 5)P 2167.28 6562  837.60 & 133.05%
Control group (n =10)
Manual planning (0 =10)°  2244.76 + 97.45% 124432 4 114.19°

2 represents the P <0.05 compared with the automatic planning of the
decalcification group, Prepresents the P <0.05 compared with the manual
planning of the decalcification group, and “represents the P <0.05 compared
with the manual planning of the control group
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between the two groups (P <0.05). It should be noted that
the CT value of the manually planned trajectory in the
control group was 2242.94+25.8 Hu, which was higher
than that in the decalcification group (P <0.05) but lower
than that in the automatically planned trajectory in the
decalcification group (P <0.05) (Table 3). See Supple-
mentary Table 3, Additional file 1 for detailed data.

Accuracy of pedicle screw placement

After pedicle screw placement assisted by 3D-printed
guide plates, CT scans and X-ray examinations were
performed to verify the accuracy of pedicle screw place-
ment (Figs. 2 and 3). There was no significant difference
between the actual and planned trajectories of all screws
(P >0.05) (Table 4).

Comparison of pull-out force

In the decalcified osteoporotic vertebral body, the screw
pull force of the manual planning group was 48.6% lower
than that of the control group (P <0.05). The pull-out

(D) are the upper and rear views after screw implantation, respectively

Fig. 2 3D printed guide plate and screw implantation. A and (B) are the upper view and rear view of the 3D printed guide plate, respectively. C and
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Fig. 3 CT and X-ray detection of screw position. A and (B) are axial views of CT scans after pedicle screw implantation. A was the left screw view
that is automatically planned, and (B) was the right screw view that is manually planned. C (D) was the X-ray examination after pedicle screw
implantation. C was the bottom view of the vertebrae. The left screw of the image was the manually planned trajectory, and the right screw was the
automatically planned trajectory. D was the lateral view of the vertebrae. The upper screw in the image was the manually planned trajectory, and
the lower screw was the automatically planned trajectory. Neither screw resulted in pedicle perforation. The automatically planned trajectory has a
smaller abduction angle and a larger caudal inclination angle than the manually planned trajectory

Table 4 Measurement of screw insertion error

Planned Actual P-value

trajectory trajectory

(n=20) (n=20)
Axial distance (mm) 20444184 20.54 4185 0.252
Axis Angle (°) 58114498 57.85+546 0.395
Sagittal distance (mm) 21.114£352 21.16+£3.68 0.400
Sagittal Angle (°) 101.214+836 100.96 £ 8.65 0.065

strength of the automatically planned trajectory was
44.7% higher than that of the manually planned trajectory
(P <0.05) and reached 97.4% of the manually planned tra-
jectory in the control group. There was no significant dif-
ference between the two groups (P >0.05) (Table 3).

Discussion

Pedicle screw fixation is a serious challenge in spinal sur-
gery when confronted with osteoporosis. The in vitro
osteoporosis experiment is the most direct and effective
method to study the biomechanical properties of osteo-
porotic vertebrae. In this paper, the research was con-
ducted by constructing in vitro models of osteoporotic
pig vertebrae. In these models, the CT value and screw
pull-out force of automatic trajectory planning based on
the CT value and manual trajectory planning were evalu-
ated and compared. The results showed that automatic
trajectory planning was significantly better than man-
ual trajectory planning in terms of screw pull-out force,
which may suggest that automatic pedicle screw trajec-
tory planning based on CT values is a valuable method
for pedicle screw placement in osteoporosis.
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The best models for studying osteoporosis in humans
are from human cadavers, which are difficult to study
because of their limited availability. One possible
approach is to study vertebral specimens from large ani-
mals [23-25]. In this study, we used EDTA immersion
and continuous pumping to demineralize pig vertebrae,
which ensured that the vertebrae’s cortical bone and can-
cellous bone could be demineralized at the same time.
This procedure significantly shortened the time needed
to reach osteoporosis. Moreover, this method does not
seriously damage the structure of bone trabeculae in the
vertebral body and retains the biomechanical properties
of the vertebral body. Lee, C. Y. et al. [26] used EDTA to
decalcify the pig vertebrae and, by measuring its micro-
structure and mechanical properties, concluded that
EDTA decalcification can help to produce a vertebral
model with biomechanical properties consistent with
human osteoporosis.

Pedicle screw placement in patients with osteoporo-
sis has always been a difficult problem in spine surgery.
Existing solutions include cement augmentation screw
placement, cortical bone track screw placement (CBT),
placement of varied materials in the screw path to
increase local tissue density, increasing the screw diam-
eter, and changing the screw thread structure. However,
these methods all have their limitations. Bone cement
leakage is a common complication of bone cement aug-
mented screws, with a leakage rate of 11.6—-82.4%, which
can cause serious complications such as nerve injury, vas-
cular injury, pulmonary cement embolism, cardiac embo-
lism and anaphylactic shock [27]. In CBT, screws are
inserted through the isthmus, and the screws can only
be inserted into the posterior 1/3 of the vertebral body.
The pull-out force is limited to the midposterior column,
and the potential for correction of spinal malformation
is poor. Filling the screw path with different materials,
such as autologous bone, can increase the density around
the screw in a certain time, but with time, the implanted
material may gradually absorb or decompose, and the
tissue density around the screw will gradually decrease,
eventually leading to fixation failure [28]. Increasing the
screw diameter and changing the screw thread structure
can increase the pull-out force, but blindly increasing the
screw diameter may cause pedicle fracture and decrease
the pull-out force [8, 29]. It is, therefore, necessary to
seek other solutions.

The development and validation of automatic pedicle
screw planning systems based on preoperative or intra-
operative CT are in line with the current development
trend of digital and intelligent spinal surgery. Computer-
assisted preoperative planning pedicle screw placement
is a relatively fast process that can be performed without
the automatic participation of a spine surgeon [30]. The
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optimization of the pedicle screw placement trajectory
combined with the CT value is expected to improve the
fixation effect of pedicle screws. The automated plan-
ning system reduces the time required for preoperative
or intraoperative planning, optimizes the procedure of
spinal navigation surgery, avoids the problem of differ-
ent optimal trajectories planned by different doctors,
and optimizes the fixation strength of pedicle screws. In
this paper, we reported software that can plan the trajec-
tory of the maximum pull-out force screw according to
the CT value of the vertebrae and verify the safety and
effectiveness of software automatic trajectory planning.
Since the widely used preoperative CT and intraoperative
O-arm images can only display the CT value of the tissue,
this study adopted the CT value as the evaluation index
to simulate the actual application scenario. Since previ-
ous studies have proven a linear relationship between the
CT value and BMD, this method is feasible. In contrast
to the previously reported automated planning trajectory,
the automated planning trajectory used in this study did
not require pedicle screws to pass through the midpoint
of the pedicle, as the midpoint of the pedicle tends not to
be the area with the densest bone tissue [31]. To achieve
a higher extractable force of the screw, the screw needs to
be as close to the cortical bone as possible without pen-
etrating or causing the cortical bone fracture. Compared
with Vijayan, R, et al. [32], this planning method does not
adopt the method of establishing a model atlas for pedi-
cle screw planning. Although building a database can
greatly reduce the time required for planning, it also loses
the individualized characteristics of patients. The plan-
ning method in this study was to conduct screw plan-
ning according to the actual CT reconstructed images of
patients, which can avoid screw misplacement caused by
failure to match the atlas due to vertebral variation.

In this study, the manual planning group adopted par-
allel placement technology, which inserted screw parallel
to the upper endplate of the vertebral body. The sagittal
angle was 3.23 £1.64°, while the automatic planning was
19.19+1.87°, which was significantly different (P <0.05),
but both were within the allowable range [33]. The auto-
matically planned trajectory is closer to the upper wall
of the pedicle. Eventually, it points to the upper end-
plate of the vertebral body to maximize the CT value of
the whole trajectory to obtain the maximum screw pull-
out force. Through measurement comparison, we found
that in the osteoporosis model, the trajectory CT value
of the software automatic planning group was signifi-
cantly higher than that of the manual planning group by
25.7% (P <0.01). It should be noted that the CT values of
screw tracks automatically planned in the decalcification
group were 21.4% higher than those manually planned in
the control group (P <0.01). The use of 3D printed guide
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plates to place pedicle screws was exactly accurate. The
displacement and angle errors of the actual screw and
planned screw positions showed no significant differ-
ence (P >0.05). The screws were completely located in
the cortical bone, there was no perforation of the pedi-
cle or anterior vertebral margin, and no local microfrac-
ture occurred. In vitro tests, 3D-printed guide plates are
a viable alternative in scenarios where computer naviga-
tion is not available. However, in clinical application, it
is impossible for surgeons to completely remove the soft
tissue on the surface of the vertebrae, which makes it dif-
ficult to accurately fix the 3D-printed guide plates in the
corresponding positions, resulting in the actual positions
of the inserted pedicle screws significantly deviated from
the planned trajectories. Therefore, the combination of
automatic planning and surgical navigation systems may
be the best way to use the automatic planning system in
clinical practice.

Biomechanical research also proves that the auto-
matic planning method is effective. The screw trajec-
tory planned according to the CT value obtained a
larger screw pull-out force than the traditional manu-
ally planned trajectory (P <0.05). It should be noted that
although the CT value of the automatically planned tra-
jectory in the decalcification group was 21.4% higher
than that of the manually planned trajectory in the con-
trol group, the screw pull-out force was only 97.4% of
that in the control group. This result may suggest that
the BMD of the bone tissue around the screw trajectory
also influences the pull-out force of the screw, which
requires further finite element analysis to explain the rea-
son. Despite this, the automatic plan increased the pull
force by 44.7% compared with the manual plan in the
decalcification group, which was close to the proportion
of improvement in bone cement-reinforced screws (47%)
[34]. These results suggest that automatic planning based
on CT values is an effective method for pedicle screw
placement in osteoporotic vertebrae. This method does
not require the placement of additional filler materials
and avoids the serious complications caused by leakage of
filler materials.

The software can export trajectory coordinates and
match them with reconstructed CT images, which pro-
vides a basis for future association and matching with
surgical navigation systems. In the future, combined
with navigation systems or surgical robot technology,
optimal trajectory planning and screw placement of the
osteoporotic vertebral body can be achieved increasingly
quickly, providing a new option for pedicle screw place-
ment of the osteoporotic vertebral body.

In this study, an in vitro demineralized osteoporo-
sis model of a porcine lumbar spine was used, and
the evaluation index was only the CT value, without
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considering microscopic parameters such as bone tra-
becular structure. The structure of the pig lumbar ver-
tebra is different from that of the human vertebra and
EDTA decalcification simulates not true osteoporosis
but more osteomalacia. The applicability of the pedicle
screw should be verified in the patient’s CT and cadaver
osteoporosis models. Specimens treated with preserva-
tives inescapability caused changes in the material prop-
erties of specimens. Therefore, using fresh specimens to
further improve the accuracy of the experimental study
is necessary. In the pedicle screw pull-out experiment,
we simulated direct violent pull-out, which had lim-
ited agreement with the actual pull-out situation in the
human body. The pull-out force could be measured again
after the cyclic fatigue test. This study specifically to age
groups, requiring follow-up studies on normal vertebrae.
The sample size of the test was small, and subsequent
studies with larger sample sizes are needed to confirm its
accuracy and effectiveness. Different designs and popu-
lations demographics to further investigate the effect of
this automatic planning software are also needed.

Conclusion

In the osteoporosis model, automatic planning of the
pedicle screw trajectory based on CT value software is
safe and effective without causing pedicle screw punc-
ture. Automatic trajectory planning can obtain a higher
screw pull-out force, which is 44.7% higher than man-
ual planning and even reaches a size similar to that of
normal manual planning. This method may be a valu-
able new method of pedicle screw placement in osteo-
porotic vertebral bodies.

Abbreviations
AP: automatic planning; BMD: bone mineral density; CT: computer tomogra-
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